To determine pharmacodynamic and pharmacokinetic profiles of aminocaproic acid (ACA) by use of a thromboelastography (TEG)-based in vitro model of hyperfibrinolysis and high-performance liquid chromatography-mass spectrometry.
A s a blood clot forms, fibrin monomers are crosslinked by coagulation factor XIIIa, which stabilizes the thrombus. Fibrinolysis typically occurs slowly over time as the clot is enzymatically dissolved by plasmin. In some disease states, there is accelerated clot lysis (ie, hyperfibrinolysis), and it can result in substantial morbidity and even fatality of individual patients as a result of hemorrhage. 1 Antifibrinolytic agents such as ACA and tranexamic acid can slow fibrinolysis. Authors of a meta-analysis 2 of human stud-ies concluded that the use of antifibrinolytic agents during elective surgical procedures reduced blood loss by one-third. Acute traumatic coagulopathy, a syndrome of hyperfibrinolysis after trauma, has also been described in humans, 3 and authors of a prospective study 1 reported a significant survival benefit for trauma victims treated with tranexamic acid. Because of the results of that study 1 and others, tranexamic acid has become the standard of care for people at risk for hyperfibrinolysis following trauma and shock.
Fifteen percent of severely traumatized dogs have evidence of acute traumatic coagulopathy at the time of hospital admission. 4 Similarly, hyperfibrinolysis also occurs in dogs with severe, acute blood loss as a consequence of hemoperitoneum. 5 Antifibrinolytic agents may be indicated for use in both populations of dogs. A subset of Greyhounds predisposed to excessive fibrinolysis and bruising after surgery also appeared to benefit from perioperative ACA administration. [6] [7] [8] In addition, other canine patients at risk for hemorrhage after routine or emergency surgery may benefit from medications that delay fibrinolysis. Aminocaproic acid is a synthetic lysine derivative that reversibly binds to plasminogen, which prevents the association of fibrin with plasminogen. 7 Aminocaproic acid is supplied as 100 mg tablets and an injectable solution (250 mg/mL). Oral administration of the less expensive injectable formulation may be appropriate in veterinary medicine; however, no data are available regarding the efficacy for the injectable solution administered via the oral route of administration, compared with results for oral administration of the 100 mg tablets. Although the authors of an in vitro study 9 indicated the ideal plasma ACA concentrations for reversal of hyperfibrinolysis in dogs, the pharmacokinetics of specific doses of ACA in dogs has not been described.
Therefore, the objectives of the study reported here were to determine pharmacodynamic and pharmacokinetic profiles for ACA after oral administration to dogs by use of an in vitro model of hyperfibrinolysis and high-performance liquid chromatographymass spectrometry, respectively. Our hypotheses were that administration of ACA would result in a dose-dependent reduction in clot lysis and that oral administration of the injectable solution of ACA to healthy dogs would yield pharmacokinetics similar to that after oral administration of the tablets.
Materials and Methods

Animals
Five purpose-bred spayed female Beagles (mean body weight, 10.7 kg; range, 7.8 to 13.3 kg) were included in the study. Dogs were eligible for inclusion if they were deemed healthy on the basis of results of physical examination, a CBC, serum biochemical analysis, and urinalysis and had results for TEG coagulation analysis within institutional reference ranges. The University of Georgia Institutional Animal Care and Use Committee approved all procedures.
Experimental design
By use of a crossover Latin square design, dogs were randomly a assigned to receive a single dose of injectable (liquid) ACA solution b (20, 50, or 100 mg/ kg, PO) or a commercially available ACA tablet c (approximately 100 mg/kg, PO), with a washout period ≥ 5 days between subsequent doses. Food was withheld for 12 to 18 hours prior to administration of ACA. Investigators were not aware of the dose or formulation administered to each dog. The tablets were placed in a small amount of canned food for administration; thus, a small bolus of canned food was administered to each dog after each drug administration to ensure drug formulation was not known by the investigators. Dogs were observed for clinical signs of toxicoses after drug administration.
Collection of blood samples
The day before a drug was administered, dogs were sedated with dexmedetomidine d (5 µg/kg, IV) to facilitate placement of an indwelling 20-gauge, 12-inch catheter e into a jugular vein. Catheters were placed by use of a modified Seldinger technique. Catheters were flushed with sterile saline (0.9% NaCl) solution b and subsequently flushed with 0.5 mL of a 50% dextrose solution b to maintain catheter patency and obviate the use of an anticoagulant flush. The following day (day of drug administration), catheters were flushed with 3 mL of sterile saline solution, and 1 mL of blood was withdrawn and discardedprior to each collected sample. A total of 22.4 mL of blood was collected on each test day. After collection of a sample, the catheter was flushed with 3 mL of sterile saline solution. If the period between sample collections was to be > 30 minutes, an additional 0.5 mL of 50% dextrose solution was used as a flush. Catheters were removed after acquisition of the final blood sample (4 hours after drug administration) on each test day.
Pharmacodynamics
For each dose of ACA, blood samples (1.8 mL/ sample) were collected via the indwelling catheter before (0 minutes [baseline]) and 60 and 240 hours after drug administration. Blood was transferred into vacuum tubes containing 3.2% sodium citrate f (final blood-to-citrate ratio, 9:1). These samples were allowed to sit undisturbed at room temperature (22° to 24°C) for 30 minutes; samples then were subjected to TEG analysis by a single researcher (BMB), who was unaware of treatment dose for each sample.
A modified TEG assay g was performed as described elsewhere. 9 Briefly, assays were performed at 37°C by use of tissue factor h (final dilution, 1:3,400) as an activator in the reaction cup. Blood for analysis was recalcified with 20 µL of 0.2M calcium chloride (total reaction volume, 340 µL). Two analyses were performed for each blood sample: one with only tissue factor activation (TF group) and the other with hyperfibrinolysis (HF group). For the HF group, 10 µL of tPA i diluted in HEPES j and 2% bovine serum albumin was added to the reaction mixture (final concentration, 100 U/mL). The TF group had 10 µL of HEPES j with 2% bovine serum albumin j added. All assays were continued for 60 minutes after each clot achieved MA, which represented maximum clot strength. Standard TEG values (R time, α angle, and MA) 10 were recorded. In addition, fibrinolysis variables that represented the amount of fibrinolysis 30 and 60 minutes after MA was achieved were determined (Figure 1 ). These fibrinolysis variables represented the percentage of each clot lysed at a given time point (ie, 30 and 60 minutes after MA was achieved) and were calculated as a ratio of the AUC at MA to the AUC at a given time point during fibrinolysis. Additional TEG variables measured and calculated by the TEG software k included clot kinetic time (K), G (which was calculated as [5,000 X MA]/[100 -MA]), thrombodynamic potential index (which was calculated as [{100 X MA}/{100 -MA}]/K, where K is the clot kinetic time), tracing amplitude at 30 and 60 minutes after MA, clot lysis time, MRTG, and MRL. 11 The time to achieve MRTG and MRL were also recorded.
Pharmacokinetics
Blood samples (2 mL) for pharmacokinetic analysis were collected into heparinized blood tubes f before (0 minutes [baseline]) and 15, 30, 45, 60, 90, 120, and 240 minutes after oral administration of each dose of ACA. At time points when it was required that 2 samples be collected, samples were collected sequentially into separate syringes, with the sample for TEG analysis collected first. Heparinized samples were held on ice until centrifugation (1,500 X g for 10 minutes at room temperature), which was performed within 30 minutes after collection. Plasma supernatant was removed and stored at -80°C for a maximum of 4 months before high-performance liquid chromatography-mass spectrometry analysis at a commercial laboratory. l
Statistical analysis
Data were tested for normality by use of the Shapiro-Wilk test. The influence of ACA dose (20, 50, and 100 mg/kg [both formulations]) or time in relation to administration of dose (baseline, 60 minutes, or 240 minutes) on TEG variables was evaluated with a 2-way repeated-measures ANOVA. Correction for multiple comparisons was performed with the Holm-Sidak method, when indicated.
Comparison of values between the TF group and HF group was performed with a paired t test. Significance was set at values of P < 0.05. Data were reported as mean ± SEM or median and range, as appropriate for the data distribution. All statistical analyses were performed by use of commercial software. m,n
Pharmacokinetic analysis
A noncompartmental analysis was performed with commercial software n to obtain initial estimates of pharmacokinetic parameters, including terminal elimination rate, half-life, apparent volume of distribution/bioavailability, total systemic clearance/bioavailability, AUC, Cmax, and Tmax. These parameters were used as initial estimates to support development of a computational pharmacokinetic model to describe the drug concentration-time profile for each dose. The model was fit by use of both naïve-pooled data and naïve-average data approaches. 12 Residuals, accuracy, precision, confidence intervals, correlation between parameters, condition number, and objective criteria (Akaike information criteria, Schwarz criteria, sum of squares, and estimator criterion value) were analyzed to evaluate goodness of fit as well as select the model of best fit. 12,13 A 1-compartment model best fit the observed data. Parameter estimates were then fixed, and simulations were performed to evaluate various doses and the frequency of administration, assuming linear and stationary kinetics. 14 The goal was to identify a treatment schedule that would achieve an a priori minimum effective concentration of 25 µg/mL over the longest period (based on the mean ± SD plasma concentration at 240 minutes for the 100 mg/ kg doses, which was 26.29 ± 14 µg/mL). For the simulations, it was assumed that pharmacokinetic parameters were linear and stationary for the conditions examined. Reference interval represents an institutional reference interval. See Table 1 for remainder of key. Reference interval represents an institutional reference interval. There was a washout period of ≥ 5 days between subsequent doses. *, †Within a row, value differs significantly (*P < 0.001; †P < 0.05) from the value at 0 minutes. ‡ Within a column within a variable, value differs significantly (P < 0.05) from the values at 0 and 240 minutes. §Within a row, value differs significantly (P = 0.01) from the value for 20 and 50 mg/kg.
-= Not applicable. Lysis 30 = Percentage of lysis at 30 minutes after MA was achieved (calculated as a ratio of the AUC at MA to the AUC at 30 minutes after MA).
Results
Animals
The ACA administration was tolerated well by all dogs. No abnormal clinical signs indicative of adverse drug effects were observed in any dog for any dose of ACA.
Pharmacodynamics
All TEG values for the TF group were within institutional reference intervals for all ACA doses and time points (data not shown). For the HF group, a significant (P < 0.001) increase in MA and α-angle from baseline values was identified at 60 and 240 minutes for all ACA doses ( Table 1) . The percentage of lysis at 30 and 60 minutes after MA was achieved was significantly decreased (ie, fibrinolysis was decreased) for all ACA doses in samples collected 60 and 240 minutes after drug administration, compared with baseline values. The percentage of lysis at 30 minutes after MA was achieved measured in the sample collected 60 minutes after drug administration was significantly less than that measured in the sample collected 240 minutes after drug administration for all doses. The amount of decrease in the percentage of lysis at 30 minutes after MA was achieved in samples collected 60 and 240 minutes after ACA administration for dogs receiving both 100 mg/kg doses was significantly (P = 0.01) greater than that for dogs when they received the 20 mg/ kg dose of ACA. The MRTG was significantly (P = 0.025) greater than baseline values at 60 and 240 minutes after ACA administration at all doses, and the time to MRTG was less for all doses in samples collected at 240 minutes, compared with values for samples collected at baseline and 60 minutes. Despite these findings, there was no significant (P = 0.821) difference in MRTG between doses. For samples collected at 60 and 240 minutes, the time to MRL was significantly (P = 0.025) greater for all doses than that measured in samples collected at baseline. In addition to these parameters, the R time measured in samples collected at 240 minutes was significantly less than that measured in samples collected at baseline (P = 0.017) or 60 minutes (P = 0.025) for all doses. Comparison of MA values for the TF group and HF group revealed significant differences only at baseline for each dose, which was similar to results described in another study. 9 The MA values at 60 and 240 minutes for the HF group were not significantly different from those for the TF group. All parameters for the HF group were summarized (Table 2 ).
Pharmacokinetics
Pharmacokinetic parameters were determined after oral administration of a single dose of ACA at 20, 50, and 100 mg/kg (Table 3 ). The drug was rapidly absorbed after oral administration (Tmax = 1 hour) for all doses tested. At 20 mg/kg, the minimum effective concentration (25 µg/mL) was barely reached (Cmax = 29.6 µg/mL). Doses of 50 and 100 mg/kg achieved the minimum effective concentration, but the drug was eliminated rapidly and remained at a concentration > 25 µg/mL for only 2 and 3 hours, respectively (Figure 2) . Maintenance of an effective concentration would likely require a continuous rate infusion administered IV. However, when administered orally at 100 mg/kg every 6 hours, an effective plasma concentration would be maintained for 51.7% of a 24-hour period, and oral administration of 100 mg/kg every 8 hours would maintain an effective concentration for 38.8% of a 24-hour period ( Figure  3 ). We were unable to detect a significant difference in pharmacokinetics between the injectable solution and tablet formulations administered at a dose of 100 mg/kg (Figure 4 ). Pharmacokinetic parameters obtained with noncompartmental analysis were used as initial estimates for compartmental modeling. The data were best described by use of a 1-compartment pharmacokinetic model (Figure 3) . Model parameters were fixed, and the 1-compartment model was used to simulate pharmacokinetic profiles for various doses (20, 50, 100, and 200 mg/kg) and the frequency of administration (intervals of 6, 8, 12, and 24 hours); the simulations assumed linear and stationary kinetics. Plasma concentrations would reach steady state within 24 hours after oral administration. The model for the 200 mg/ kg dose predicted an increase in drug exposure (ie, amount of time AUC > 25 µg/mL). However, even at the 200 mg/kg dose, the drug was predicted to be cleared rapidly from the systemic circulation. To our knowledge, studies have not been performed to determine toxic effects of ACA at higher doses (such as 200 mg/kg), and such effects should be evaluated before these doses can be recommended for clinical use.
Discussion
In the study reported here, a model of hyperfibrinolysis was used to determine that orally administered ACA decreased fibrinolysis. Inhibition of fibrinolysis after a single dose was both time and dose dependent. Inhibition of fibrinolysis (ie, decreased percentage of lysis at 30 minutes after MA was achieved) was detected for all doses of ACA administered. Administration of ACA also resulted in an MA value for the HF group that was not significantly different from that for the TF group. These data indicated that treatment with ACA can enhance clot strength in patients that have diminished clot strength attributable to hyperfibrinolysis. Both the injectable and tablet formulations for the 100 mg/kg dose had a significantly greater decrease in fibrinolysis (ie, smaller percentage of lysis at 30 minutes after MA was achieved) for samples collected 240 minutes after administration, compared with results for the 20 mg/kg dose. This indicated persistence of an antifibrinolytic effect at higher doses of ACA. Assays performed on samples collected 6 and 8 hours after ACA administration would be helpful in defining the total duration of this effect.
In a previous study 9 conducted by evaluating canine plasma with a similar in vitro hyperfibrinolytic model, but with a much higher concentration of tPA (1,000 U/mL), an ACA plasma concentration of 511.7 µg/mL was required to completely inhibit fibrinolysis. Even at a plasma ACA concentration of 450 µg/mL, the percentage of lysis was 56.7%. None of the doses investigated in the study reported here achieved a Cmax that approached the effective plasma concentration derived in that previous study. 9 However, fibrinolysis was not completely inhibited in any samples in the present study. Even at the highest ACA doses, which achieved a mean ± SD plasma Cmax of 140 ± 70 µg/mL, the mean percentage of lysis at 30 minutes after MA was achieved was 20 ± 22% of clot lysis. One reason for the discrepancy may have been the time of sample acquisition: Cmax was at approximately 45 minutes after drug administration, whereas the TEG was not conducted until 1 hour after drug administration, a time when plasma drug concentrations were already decreasing. Another interesting observation was that for the HF group, 3 of 5 dogs had a mean ± SD value for percentage of lysis at 30 minutes after MA was achieved of 5 ± 2%, whereas the other 2 dogs had a mean of 43 ± 9% after oral administration of the highest dose of ACA. These latter 2 dogs also had lower mean ACA concentrations at this time point (78 ± 12 µg/mL vs 163 ± 34 µg/mL for the other 3 dogs). This may have represented individual variability in the response to tPA or ACA (or both) or the speed of metabolism of ACA.
Despite the persistence of some clot lysis, improvement in clot strength (ie, MA) was not dose dependent. The MA was significantly higher for all doses and all time points, compared with baseline values, for the HF group. The MA after ACA administration for the HF group was not significantly different from MA for the TF group. From the perspective of a patient with hemorrhage, the relative benefit of clot strength restoration versus a decrease in fibrinolysis is unclear, and both aspects would likely contribute to the effectiveness of ACA.
A reason that reducing fibrinolysis may lead to a stronger clot is the continued formation of thrombin and activation of both factor XIII and thrombinactivatable fibrinolysis inhibitor, which downregulates fibrinolysis by removal of c-terminal lysine plasminogen binding sites from fibrin. Thrombinactivatable fibrinolysis inhibitor requires relatively high amounts of thrombin for activation, and the ability for the inhibitor to reach threshold limits to completely inhibit fibrinolysis is, in part, dependent on the presence of plasmin inhibitors. 15 Therefore, ACA inhibits the initiation of fibrinolysis, which subsequently enhances the threshold-dependent mechanism for thrombin-activatable fibrinolysis inhibitor during initial phases of clot formation.
Pharmacokinetic parameters did not differ significantly between the 100 mg/kg dose administered orally as a tablet or as the injectable solution. This provides a basis for oral administration of the injectable solution because it is generally much less expensive than the tablets in the United States. Absorption of drug from the tablets was slightly slower, but the lack of a significant difference in Cmax and AUC indicated that this was a viable route of administration. The slightly faster absorption of the injectable solution was likely a result of the rate of disintegration and dissolution of the tablet, but it may also have been attributable, in part, to differences in oral mucosal absorption. All of the drugs were administered to dogs from which food was withheld, although a small food bolus was used for administration, and the effect of a meal on absorption of the tablet or injectable solution was not evaluated.
Although clot strength remained the same, the decrease in inhibition of fibrinolysis at 240 minutes when dogs received ACA at a dose of 20 mg/kg, compared with results when dogs received ACA at a dose of 100 mg/kg, indicated that the 20 mg/kg dose may not be adequate unless administered at relatively frequent intervals. The mean ± SD ACA plasma concentration at 240 minutes when dogs received ACA at a dose of 20 mg/kg was 4.28 ± 2 µg/mL, compared with 26.3 ± 14 µg/mL when dogs received ACA at a dose of 100 mg/kg, which indicated a concentration at which the effects of ACA were evident in this model. Extrapolation to other dogs would target a plasma concentration ≥ 25 µg/mL to maintain an expected therapeutic drug effect. Modeling of the pharmacokinetic data indicated that a dose of 100 mg/kg administered orally as a tablet or liquid every 6 hours would achieve this plasma concentration and can be recommended for patients with hyperfibrinolysis. This recommended dosage and target plasma concentration are based on the assumption that decreasing fibrinolysis is more important than maintaining clot strength because MA was not significantly different between doses, which may not be the case in vivo. It also does not address whether lower doses may be used in a prophylactic scenario (ie, patients at risk for hyperfibrinolysis but not yet hemorrhaging), which remains to be investigated.
The study reported here had several limitations. This in vitro model did not account for the complex influence of endothelium on fibrinolysis. Local concentrations of tPA at the site of vascular damage 16 may be higher or lower than the concentrations used to simulate hyperfibrinolysis in the present study. Also, healthy dogs were used, so application of the derived pharmacodynamic or pharmacokinetic data to patients with altered perfusion or volume of distribution may not yield similar effectiveness. Additionally, only 5 healthy dogs were used in the study, which potentially limited the statistical power to document alterations in all of the TEG parameters evaluated. This may not necessarily affect assessment of the effectiveness and clinical outcome for ACA in animals with naturally occurring hyperfibrinolytic conditions.
In the study reported here, the antifibrinolytic effects of ACA were detected for all test doses. The therapeutic effect of the drug appeared to remain despite decreasing plasma drug concentrations, although higher doses (100 mg/kg) maintained inhibition of fibrinolysis for a longer period than did the lowest dose evaluated (20 mg/kg). Deleterious effects of ACA orally administered to dogs as the injectable solution or tablet formulation were not seen in this study. A dose of 100 mg/kg administered orally every 6 hours would be expected to achieve plasma ACA concentrations > 25 µg/mL for 3 hours after administration (ie, 12 hours of a 24-hour period).
